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ABSTRACT:  
Formation evaluation of unconventional reservoirs is challenging due to the coexistence of 
different phases such as kerogen, bitumen, movable and bound light hydrocarbon and water. 
Current low-frequency (0.05 T) nuclear magnetic resonance (NMR) laboratory and logging 
methods are incapable of quantitatively separating the different phases. We demonstrate the utility 
of high-field (9-T) NMR 2D T1-T2 measurements for separating hydrocarbon and the clay-
interacting aqueous phases in shale based on the difference in the frequency dependence of the 
spin-lattice relaxation time. Furthermore, we demonstrate 23Na NMR as a promising 
complementary technique to conventional 1H NMR for shale fluid typing, taking advantage of the 
fact that sodium ions are only present in the aqueous phase. We validate high-field (9 T) 23Na-1H 
NMR relaxometry for assessing brine-filled porosity and brine salinity in various porous materials, 
including porous glass, conventional rocks, clays, and shale, and apply it for differentiating 
hydrocarbon versus aqueous components and also the clay-associated versus free water in Eagle 
Ford shale cores. This work lays the groundwork for developing future downhole 23Na-1H NMR 
logging techniques.     
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1. INTRODUCTION 
The formation quality of a tight oil shale play is reflected by the Reservoir Producibility Index 
(RPI), a function of movable light oil, bound light oil, bitumen, kerogen, free water, and bound 
water.1 Therefore, it is important to measure the component-specific porosity of all coexisting 
components in the reservoir for the identification of “sweet spots” for landing horizontal wells. 
Nuclear magnetic resonance (NMR) has been extensively used for analyzing fluid properties, such 
as porosity, permeability, wettability, and diffusivity, in porous materials ranging from biological 
microstructures to oil/gas reservoirs.2-12 Historically, commercial NMR well-logging tools 
primarily utilize low Larmor frequency (< 2 MHz) proton (1H) NMR for fluid characterization in 
conventional and unconventional reservoirs, and the typical modalities include NMR signal 
intensity, relaxometry, and diffusometry, such as 1D T2, 2D T1-T2, and D-T1-T2 distributions (T1 
and T2 being the spin-lattice and spin-spin relaxation times, respectively, and D the apparent 
diffusion coefficient).7, 13-19 As a quantitative method, the 1H NMR signal intensity is proportional 
to the number of 1H nuclei in reservoir fluids, and thus NMR signal can be converted into the 
quantity (mass and volume) of hydrocarbons, using the relevant physical and chemical properties 
of the fluids (e.g., type of hydrocarbon and hydrogen index). Furthermore, NMR relaxometry and 
diffusometry data contain the information about not only the fluids (intrinsic T1 and T2 and 
apparent diffusion coefficient)19 but also the confining systems, namely, surface relaxivity (e.g., 
surface composition and pore wettability) and pore geometry (e.g., pore size/shape, tortuosity, and 
permeability). Therefore, both fluid typing and pore-size probing can be achieved through NMR 
relaxometry/diffusometry experiments in the reservoir. 
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In unconventional tight oil shales, the 1H NMR T1/T2 distributions for bitumen and bound water 
tend to overlap, thus leaving insufficient contrast for separating these different reservoir fluids, 
especially at low Larmor frequencies.20 This impedes the task of differentiating the porosity of 
hydrocarbon and aqueous phases. In this paper, we show how high-field (9 T; 400 MHz for 1H) 
NMR relaxometry can take advantage of the difference in the frequency dependence of spin-lattice 
relaxation time and thus better separate the different components in tight oil shales.  
We further discuss the application of a parallel NMR marker, 23Na, for enhancing the fluid typing 
functionality of NMR. Sodium is generally the most abundant cation in reservoir fluids in 
unconventional plays as demonstrated by a survey of the production water from 391 wells in the 
Bakken formation (http://eerscmap.usgs.gov/pwapp), which reveals the average Na+ concentration 
to be 3.16 mol/L (salinity ~200 ppk; ppk defined as g NaCl / kg H2O), suggesting a salinity as high 
as that in the Dead Sea. This abundance of sodium nuclei in the reservoir water makes NMR 
measurements feasible. Furthermore, sodium is only present in the aqueous compartment (i.e., 
brine) in tight oil shales, unlike proton (1H) which is present in both hydrocarbon and water. 
Therefore, 23Na NMR serves as a probe for the aqueous components (e.g., bound and free water) 
in shales, helping separate the signals and thus the porosities of hydrocarbons and brine. In addition 
to fluid typing and porosity measurement, the quantitative analysis of downhole Na+ concentration 
might also benefit conventional 1H NMR logging by providing important correction information 
for hydrogen index and logging tool performance.21  
In this study, we discuss the application of high-field NMR 1H relaxometry and the validation of 
23Na NMR as a parallel modality for quantitative fluid typing in tight oil shale. We demonstrate 
the application of 1H 2D T1-T2 maps at high Larmor frequency (400 MHz) for identifying different 
components in both native and fluid-resaturated Eagle Ford shale. Additionally, we demonstrate a 
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23Na NMR protocol for brine quantification and evaluate it in controlled synthetic porous glass 
(CPG), conventional rocks, and clays. The combined 23Na and 1H NMR methodology is shown to 
enable quantification of the brine-filled porosity in shale and for separating bound and free fluids 
based on the mobility of sodium nuclei in brine. We further show that the NaCl salinity of brine 
confined within porous materials can be readily derived using 23Na-1H-combined NMR. We also 
discuss how further studies of 23Na surface relaxivity can help improve the characterization of 
unconventional shale samples.  
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2. THEORETICAL BASIS 
T1 and T2 relaxation times are sensitive to motions at the Larmor frequency and low or zero 
frequency, respectively. Therefore, T1-T2 measurements are sensitive to the inherent molecular 
mobility of the different species. Based on this principle, the T1-T2 map can be used to separate 
different fluids. This methodology has been applied at 2-MHz Larmor frequency to separate 
different components in shale samples.20, 22 In particular, the bitumen and bound water components 
can be separated from the oil in organic porosity and the fluids in inorganic porosity based on the 
T2 values and T1/T2 ratios in the 2D T1-T2 maps.
22 One of the biggest shortcomings of these low 
Larmor frequency measurements is their inability to separate bitumen (viscous heavy oil) from 
bound water, which is because at 2 MHz, both these components generally have comparable T2 
values, and adequate contrast in T1/T2 ratios might not always be available.
22  
High-field (high Larmor frequency) NMR is a potential candidate to separate these two 
components for two reasons. First, these measurements have a higher sensitivity to motions 
ranging from the higher Larmor frequency to zero frequency. Second, they can take advantage of 
the fact that T1 of heavy oil (bitumen) has 1/ω frequency dependence while that of bound water 
has 1/log(ω) frequency dependence.23 Therefore, at high-enough Larmor frequencies, the T1 values 
of these two components will be different, thus enabling their differentiation. Additionally, the 
kerogen component is also visible in high frequency measurements due to the possibility of 
application of shorter echo times.   
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The 23Na nucleus is the only stable isotope of sodium. It has a gyromagnetic ratio of 11.26 MHz/T, 
which is 26.4% of that of 1H.24 In bulk aqueous solution of NaCl, the T1 of 
23Na is only ~3% of 
the T1 of 
1H,25, 26 which assures a significantly faster signal acquisition cycle (typically with the 
duration of 3–5 T1) compared with 1H experiments. Accordingly, within a given experimental time 
window, 23Na NMR allows as many as 33 times more signal averages than 1H NMR, greatly 
ameliorating the difficulty of the relatively low NMR signal sensitivity for 23Na (9.25% of the 
sensitivity of 1H).24 A summary of the relevant NMR properties of 23Na and 1H is given in Table 
1. 
23Na has a spin of 3/2, so its NMR relaxation is primarily driven by the interaction between the 
nuclear electric quadruple moment and the local electric field gradient (EFG), i.e., through electric 
quadrupole coupling.27, 28 23Na relaxation times28 for longitudinal (spin-lattice) relaxation are 
 
𝑀𝑧(𝑡) = 𝑀𝑧(∞)
− [𝑀𝑧(∞) − 𝑀𝑧(0)] [
1
5
exp(−𝑅1a𝑡) +
4
5
exp(−𝑅1b𝑡)] (1a) 
 𝑅1a = 𝐴𝑗1(𝜔0) (1b) 
 𝑅1b = 𝐴𝑗2(2𝜔0) (1c) 
and those for transverse (spin-spin) relaxation are 
 𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0) [
3
5
exp(−𝑅2a𝑡) +
2
5
exp(−𝑅2b𝑡)] (2a) 
 𝑅2a =
1
2
𝐴[𝑗0(0) + 𝑗1(𝜔0)] (2b) 
 𝑅2b =
1
2
𝐴[𝑗1(𝜔0) + 𝑗2(2𝜔0)] (2c) 
In Eqs. (1) and (2), M(t), M(0), and M(∞) are the time-dependent, initial, and equilibrium 
magnetizations, respectively, and subscripts z and xy denote longitudinal and transverse 
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magnetizations, respectively. R1 is the longitudinal relaxation rate constant (T1 = 1/R1) and R2 is 
the transverse relaxation rate constant (T2 = 1/R2). Note the rate constants are determined by 
coefficient A and the reduced spectral densities jn(nω0) (n = 0, 1, and 2). The coefficient A is a 
function of both the nuclear electric quadrupole moment and the local EFG and depicts the 
intensity of electric quadrupole coupling.28 The reduced spectral densities have a Lorentzian form 
for the bulk fluids and are given as: 
 𝑗𝑛(𝑛𝜔0) =
𝜏c
1 + (𝑛𝜔0𝜏c)2
 
(3) 
where ω0 is the Larmor frequency of 23Na, and τc is the quadruple coupling correlation time, which 
describes the time scale of the fluctuation of the electric quadrupole coupling.28 In the general 
analysis, as suggested by Eq. 1, both the longitudinal and transverse relaxations of 23Na follows a 
bi-exponential form. This is significantly different from the mono-exponential relaxations for 1H, 
which is spin-1/2 nucleus and does not experience electric quadrupole coupling. 
 
In a dilute aqueous solution of NaCl as considered in this paper, the electric dipole moments of 
water molecules are the chief contributors to the local EFG experienced by sodium ions28 and the 
rapid motion of water molecules and ions creates an isotropic ionic environment for 23Na nuclei.27 
For bulk solutions, the short correlation time (τc ~ 3–10 ps)28 leads to an averaging of EFG, and 
the “extreme narrowing condition”,24 ω0τc << 1, is fulfilled.25, 29 Therefore, the intrinsic bi-
exponential relaxations of 23Na become mono-exponential with Ria = Rib (i = 1 or 2) as suggested 
by Eqs. 1 through 3. On the other hand, in anisotropic systems, e.g., model biopolymer gels28 and 
dense Laponite clay suspensions30, 31, bi-exponential relaxation behavior is exhibited due to the 
relatively slow modulation of electric quadrupole coupling (relatively long τc).  
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The NMR relaxation of 23Na in model porous materials29, 32 and conventional rocks24 has been 
shown to be mainly mono-exponential as that observed in bulk NaCl solutions25. In addition, 23Na 
relaxation times in model porous materials reflect pore-size information29 just as in the case of 1H 
NMR19:  
 
1
𝑇𝑖,pore
=
1
𝑇𝑖,bulk
+
𝑆
𝑉
𝜌𝑖             (𝑖 = 1 or 2) (4) 
where Ti,pore is the relaxation time in pores, Ti,bulk is the concentration-dependent relaxation time in 
bulk NaCl solutions, S/V is the surface-area-to-volume ratio of the pores, and ρi is the surface 
relaxivity. In low field systems where internal gradients are negligible, when Ti,bulk and ρi are 
known, pore-size information, i.e., S/V, can be retrieved by measuring Ti,pore. A more complicated 
scenario can occur in extremely small pores formed by clay and saturated with brine, where a 
larger fraction of sodium ions are immobile close to the surface layer (as Na+ is the neutralizing 
counterion at the surface of many kinds of clay materials)30, 31 and are thus subject to higher 
anisotropic EFG.28, 29 In this case, motional averaging of electric quadrupole coupling is ineffective 
so bi-exponential 23Na relaxations emerge, thereby making the interpretation of 23Na relaxation 
distributions more complicated. 
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Table 1. NMR properties of 23Na and 1H. 
Nucleus Spin 
Natural 
abundance 
(%) 
Gyromagnetic 
ratio 
(MHz/T) 
Larmor 
frequency at 9.4 T 
(MHz) 
Relative 
sensitivity 
1H 1/2 99.98 42.58 400.2 1.0 
23Na 3/2 100.0 11.26 105.8 0.0925 
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3. EXPERIMENTAL SECTION 
3.1. Sample Preparation.  
Reference solutions for NMR signal calibration 
Reference solutions for 23Na NMR were brines prepared at various salinities using dry NaCl salt 
and deionized water. Reference solutions for 1H NMR were prepared by diluting deionized water 
(H2O) using deuterium oxide (D2O) at various H2O/D2O ratios. At 9-T magnetic field, the volume 
of reference solution was kept at 100 µL for each signal-calibration point whereas the quantity of 
NaCl ranged from 0.1 to 1.8 mg (for 23Na calibration) and that of H2O ranged from 2 to 14 mg (for 
1H calibration). 
 
Porous glass and conventional rocks 
For high-field (9-T) NMR experiments, one type of model porous Vycor glass (Corning, NY, USA) 
and three types of conventional rock, namely, Austin Chalk, Edward Limestone, and Berea 
Sandstone 500 (Berea 500), were studied. All samples were cut into cylindrical plugs with length 
of ~10–15 mm, diameter of ~3 mm, and total volume of ~70–100 mm3. To prepare brine-saturated 
samples, sample plugs were first kept at 100° C in an oven for 1–2 days for initial dehydration and 
then moved into a laboratory-built vacuum/pressure chamber, where the samples were maintained 
under vacuum at −1 bar and room temperature for 2 days for further dehydration. After the second 
round dehydration, brine (32 ppk) was injected into the chamber at +70-bar inner pressure, and the 
samples were maintained under this condition for another 2 days. The mass increase in a sample 
plug from its dry state (after initial dehydration) to its wet state (after pressurized saturation) was 
used, along with plug volume and brine density, to calculate the brine-filled porosity of the sample 
(also referred to as the mass-difference porosity, or MD porosity, in Tables 2-4). The saturated 
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glass and rock samples were then used for high-field 23Na and 1H NMR experiments. 1H NMR at 
low magnetic field (0.05 T) was also performed as a reference for the high-field experiments. For 
low-field 1H NMR measurements, the same types of porous glass and conventional rocks were 
prepared in larger dimensions (5 cm in diameter and length) and saturated with 32-ppk brine using 
the same procedure. 
 
Clays 
For high-field NMR experiments, pure quartz and three types of clay, namely, illite, bentonite, and 
smectite, were separately mixed with 90-ppk brine using the following procedure. First, brine (90 
ppk; ~20–30 µL) was combined with dry quartz or clay powder in a 5-mm NMR tube, resulting in 
a wet mixture. To prevent water from evaporating, additional dry powder of the same type of 
material (quartz or clay) was added and the sample was sealed with a piece of Teflon tape. The 
sample was then tightly compacted at the bottom of the NMR tube using a plunger. The total length 
of the sample did not exceed 15 mm, which was within the sensitivity volume of the NMR probe.  
 
Shale 
For high-field NMR experiments, native-state Eagle Ford shale samples from three different 
depths were cut into small yet well-defined pieces (~10–20 mm3 per piece). A portion of each 
native-state sample was packed into a 5-mm NMR tube for control study. The remaining samples 
were saturated with 110-ppk brine using the same procedure for preparing porous glass and 
conventional rocks except that the dehydration steps were skipped. The mass increase in each 
sample upon brine saturation was used, along with the mass and density of the native-state samples, 
to calculate the mass-difference porosity.  
 12 
 
3.2. NMR Experiments  
High-field NMR experiments were performed on a 9-T Bruker system with a console working at 
400 MHz for 1H and 106 MHz for 23Na (Bruker, Billerica, MA, USA). Three NMR pulse 
sequences were used for both 1H and 23Na studies: free induction decay (FID; Fig. 1A), Car-
Purcell-Meiboom-Gill (CPMG; Fig. 1B), and inversion-recovery CPMG (IR-CPMG; Fig. 1C). 
FID data were acquired with a sampling dwell time of 1 µs. The echo time in CPMG and IR-
CPMG acquisitions was typically 49 µs for 1H and 54 µs for 23Na. The recycle delay in all 
experiments was kept at five times the longest T1 in each sample. In IR-CPMG experiments, 32 
logarithmically spaced inversion times (TI) were used for measuring T1 distribution. NMR tubes 
made of synthetic quartz (Wilmad-LabGlass, Vineland, NJ, USA) were used for all experiments 
that involved 23Na measurement to minimize 23Na background signals, which exist in normal glass 
tubes.  
 
Low-field 1H NMR experiments were used as reference for high-field studies in Vycor glass and 
rocks. Low-field experiments were performed on a 0.05-T Geospec system (2 MHz for 1H; Oxford 
Instruments, Oxford, UK). CPMG and IR-CPMG data were collected using an echo time of 100 
µs.  
 
NMR 1D T2 and 2D T1-T2 distributions were derived from CPMG and IR-CPMG data, 
respectively, using a laboratory-developed inverse-Laplace-transform MATLAB program 
(MathWorks, Natick, MA, USA).33 NMR 1D T1 distributions were extracted from the projection 
of T1-T2 maps onto the T1 dimension.  
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Figure 1. NMR pulse sequences. A) Free induction decay (FID); B) Carr-Purcell-Meiboom-Gill 
(CPMG); and C) inversion-recovery (IR) CPMG.  
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4. RESULTS AND DISCUSSION 
We present the results in three subsections below, according to the three groups of samples that 
were studied. Within each subsection, the experimental results are discussed with an emphasis on 
1H- and 23Na-NMR based 1) fluid typing and 2) relaxometry.  
 
To quantify the experimental results, NMR signal calibration was established for both 1H and 23Na 
channels by determining the linear correlation between the observed NMR signal and the quantity 
of the target molecule in the reference solutions. The target molecule for 1H NMR was H2O in 
H2O/D2O solution
 whereas that for 23Na NMR was NaCl in NaCl/H2O solution (brine). The least 
squares fitting of the calibration lines (CPMG acquisition) is shown in Fig. 2 for 1H (r2 = 0.999) 
and 23Na (r2 = 0.995), respectively, with r being the correlation coefficient. The calibration line 
for 1H measurements does not pass through the origin, due to a small background 1H signal.  This 
background signal is accounted for during quantitative measurements. 
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Figure 2. NMR signal calibration reference. CPMG signals are plotted against the mass of H2O 
(open circles, left plot) and NaCl (filled squares, right plot), respectively, in bulk reference NaCl 
solutions. Least squares linear fitting results are shown by solid lines in both plots. 
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4.1. Porous Glass and Conventional Rocks 
The NMR T2 distributions for brine-saturated Vycor glass, Austin Chalk, and Edward Limestone 
were converted into brine-filled porosities via 1H and 23Na signal calibration because the salinity 
of the saturating brine (32 ppk) was known. The porosities separately determined by 1H and 23Na 
measurements (referred to as 1H- and 23Na-porosity, respectively) are shown in Table 2. Both types 
of porosity match well with the mass-difference (MD) porosity, which was based on the mass 
increase in the samples upon brine saturation. The uncertainty in 23Na-porosity is relatively higher 
than that in 1H-porosity because the amount of NaCl in these samples (~0.5 mg) was much smaller 
than that of H2O (~16 mg). In Edward Limestone, 
1H-porosity (18.7 ± 0.3 p.u.) is slightly lower 
than the corresponding MD porosity (22.3 ± 0.2 p.u.), suggesting a difference of ~2.4 mg in the 
mass of water arising from water evaporation while packing the sample into the NMR tube. In 
contrast, the 23Na-porosity (22 ± 2 p.u.) remains identical to the MD porosity because water 
evaporation only leaves behind a more concentrated brine. The last column in Table 2 shows the 
NMR-derived brine salinity, which was calculated using the mass of NaCl and H2O obtained from 
NMR measurements. The NMR-derived salinities agree well with the actual brine salinity (32 
ppk), indicating the potential application of 23Na-1H-combined NMR for measuring brine salinity 
in porous materials in laboratory and in situ. Given the wide range of salinity in well production 
water from various formations, such fast and non-destructive salinity measurement can provide 
real-time salinity and also help determine the hydrogen index of the brine phase.  
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Table 2. 23Na-1H-combined quantification for Vycor glass and conventional rocks (mean ± 
uncertainty)a 
Sample 
porosity (p.u.)b NMR salinityc 
(ppk) MD 23Na 1H 
Vycor #1 31.3 ± 0.3 32 ± 3 31.5 ± 0.1 32 ± 3 
Vycor #2 32.1 ± 0.3 36 ± 3 33.2 ± 0.1 35 ± 3 
Austin Chalk 16.1 ± 0.2 17 ± 2 15.9 ± 0.3 34 ± 4 
Edward Limestone 22.3 ± 0.2 22 ± 2 18.7 ± 0.3 37 ± 3 
 
a) The uncertainty for MD results was calculated based on the systematic uncertainty with 
laboratory balance; the uncertainty for NMR results was derived from data fitting. 
 
b) Column MD shows mass-difference porosity; columns 23Na and 1H show porosity derived from 
23Na and 1H CPMG acquisitions, respectively. 
 
c) NMR salinity was calculated using the mass of NaCl and H2O, which was derived from 
23Na 
and 1H CPMG acquisitions, respectively, following the definition:  
salinity = mass (NaCl)/mass (H2O). 
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The 1H and 23Na NMR T2 distributions for Austin Chalk, Berea 500, and Vycor glass are shown 
in Fig. 3. In the low-field 1H T2 distributions (Fig. 3A), the difference in pore size between these 
samples is clear; Vycor glass has the shortest T2 (T2 peak at 20 ms; blue curve), Austin Chalk has 
longer T2 (major T2 peak at 30 ms; red curve), and Berea 500 has the longest T2 (major T2 peak at 
500 ms; green curve). Vycor glass is synthesized with uniform 4-nm pores, resulting in a clear, 
single 1H T2 peak. On the other hand, the conventional rocks have an inhomogeneous pore size 
distribution, reflected by more than one T2 peak.  The relaxation times can be converted to pore 
size (S/V) using Eq. 4 with knowledge of surface relaxivity (in this case, ρ2). High-field 1H T2 
distributions (Fig. 3B) qualitatively match well with those from low-field experiments (Fig. 3A), 
with an obvious shift towards the short-T2 direction. It can be noted that the high-field T2 peaks 
uniformly decrease by four- to fivefold in comparison with the low-field peaks (high-field major 
T2 peaks at 5 ms for Vycor glass, 6 ms for Austin Chalk, and 100 ms for Berea 500). The T2 
decrease is mainly due to diffusion in the presence of magnetic susceptibility induced internal 
magnetic field gradients.34 This effect is inversely proportional to the square of both external 
magnetic-field strength and the internal magnetic-field gradients.19   
 
For the conventional rocks, high-field 23Na T2 distributions (Fig. 3C) are compared with the 
1H T2 
distributions (Fig. 3B). In bulk NaCl solution, the 1H T2 is on the order of seconds
26 whereas the 
23Na T2 is ~70 ms, under our experimental conditions (25° C and 9 T). The ratio T2(
1H): T2(
23Na) 
in bulk solution is larger than that in these conventional rocks, due to different surface relaxivities 
(ρ2’s) for 1H and 23Na (Eq. 4). The T2 ratio of Austin Chalk versus Berea 500, calculated using the 
major T2 peaks, is 1:20 in the 
23Na domain and 1:17 in the 1H domain. Interestingly, bi-exponential 
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23Na transverse relaxation is identified in Vycor glass (blue curve in Fig. 3C), which results from 
electric quadrupole coupling and will be explored in detail elsewhere. 
 
The 1H T1-T2 maps for Austin Chalk, Berea 500, and Vycor glass are shown in Fig. 4. For the 
rocks, T1-T2 maps obtained at low (Fig. 4A) and high (Fig. 4B) fields demonstrate similar peak 
contour shapes but have different T1/T2 ratios. In the case of Austin Chalk and Berea 500, this is 
mainly due to the decrease in T2 at high fields, which arises from diffusion in the susceptibility 
induced internal gradients, as discussed above. In the case of Vycor glass, the polar water 
molecules strongly interact with and are therefore slowed down by the hydrophilic pore surface, 
resulting in an increase in T1, which causes higher T1/T2 ratio. The T1-T2 map for Vycor glass 
presents a single peak at both low (Fig. 4A) and high (Fig. 4B) fields, in contrast to the 
conventional rocks, reflecting its homogeneous pore size distribution.  
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Figure 3. T2 distributions in Vycor glass and conventional rocks with (A) 
1H T2 at low field (0.05 
T), (B) 1H T2 at high field (9 T), and (C) 
23Na T2 at high field (9 T). In each subplot, the T2 
distribution curves are colored as follows: Austin Chalk in red, Berea 500 in green, and Vycor 
glass in blue. 
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Figure 4. T1-T2 maps for brine-saturated Austin Chalk, Berea 500, and Vycor glass at (A) low and 
(B) high fields. Distribution contour lines are colored as follows: Austin Chalk in red, Berea 500 
in green, and Vycor glass in blue. Dotted lines with corresponding color mark the T1/T2 ratio at the 
major peak in each sample. 
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4.2. Clays and Quartz 
Samples of clay-brine mixtures were employed as models for studying the NMR response of clay-
associated water. Comparisons were made with quartz-brine mixture, which is a proxy for the 
inorganic, non-clay porous networks found in rocks. NMR-based brine mass and salinity are 
derived from FID experiments. FID acquisition was used instead of CPMG to get around the fast 
transverse relaxation (short T2) in both 
1H and 23Na in clay-brine mixtures. The NMR-based 
quantification results are compared to the mass-difference results in Table 3, and they show good 
agreement. The quantification of H2O in the brine using 
1H NMR matches much better with the 
mass-difference results for illite and bentonite in comparison with smectite.    
 
High-field T2 distributions for clay-brine and quartz-brine mixtures are shown in Fig. 5. The T2 
distribution in quartz is comparable to that observed in rocks such as Austin Chalk, whereas those 
in clays are about 100 us and thus shorter by one to two orders of magnitude. The clay T1-T2 
distributions are single-valued for both 1H and 23Na (Figs. 6A and 8A). For the quartz-brine 
mixture, 23Na T1-T2 map (Fig. 8A) reveals two peaks, unlike that of 
1H, reflecting the possible 
effect of quadrupole coupling. The T1-T2 peaks determined for isolated clays and quartz can be 
used for identifying clay-associated and free water components, as discussed in the next section. 
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Table 3. 23Na-1H-combined quantification for clays (mean ± uncertainty)a 
Type of clay Illite Bentonite Smectite 
m(NaCl) 
(mg) 
23Na 2.4 ± 0.3 3.8 ± 0.1 2.6 ± 0.1 
MDb 2.51 ± 0.03 4.03 ± 0.04 2.49 ± 0.02 
m(H2O) 
(mg) 
1H 27.0 ± 2.0 47.0 ± 1.0 32.3 ± 0.4 
MDb 27.9 ± 0.3 44.7 ± 0.4 27.6 ± 0.3 
salinityc 
(ppk) 
23Na-1H 89 ± 18 81 ± 4 80 ±  4 
MDb 90.2 ± 0.2 90.2 ± 0.2 90.2 ± 0.2 
 
a) The uncertainty for MD results was calculated based on the systematic uncertainty with 
laboratory balance; the uncertainty for NMR results was derived from data fitting. 
 
b) Rows with MD show the quantities calculated based on mass-difference records measured using 
a laboratory balance when preparing the samples. 
 
c) 23Na-1H salinity was calculated using the mass of NaCl and H2O, which was derived from 
23Na 
and 1H FID acquisitions, respectively, following the definition:  
salinity = mass (NaCl)/mass (H2O). 
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Figure 5. (A) 1H and (B) 23Na T2 distributions in clay-brine and quartz-brine mixtures at high field 
(9 T). In each subplot, the T2 distribution curves are colored as follows: quartz in black, illite in 
red, bentonite in blue, and smectite in green. 
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4.3. Shale 
The 1H and 23Na T1-T2 maps for shale samples from three different depths are shown in Figs. 6 and 
8, respectively, and the 1D T1 and T2 projections are shown separately in Fig. 9. The 
1H T1-T2 maps 
for native-state samples are in subplots B1, C1, and D1 in Fig 6, and those for the corresponding 
brine-saturated samples are in subplots B2, C2, and D2. By comparing the native-state and brine-
saturated maps, the locations of signal increase in brine-saturated samples can be identified; these 
are marked by two sets of boxes. The 1H subpopulation in the solid-line box is associated with T2 
ranging from 0.1–0.5 ms and T1 of ~10 ms, which corresponds to water interacting with clays, as 
suggested by the T1-T2 map for clay-brine mixtures in Fig. 6A. The second 
1H subpopulation, 
marked by the dashed-line box, spreads across the T2 range of 1–10 ms with T1 at ~100–200 ms, 
corresponding to free fluids in the inorganic porosity, as shown by the T1-T2 peak of quartz-brine 
mixture (Fig. 6A). According to these results, a cutoff in the 1H-T1 domain (T1 = 50 ms; dashed 
lines) can be established for separating the clay-associated water from the other components such 
as bitumen and kerogen. The 1H T1-T2 peak distributions for all fluid components are illustrated in 
Fig. 7. 
 
No 23Na signal was observed in the native-state shale, so only the 23Na NMR results from the 
saturated samples are shown (1D T1 in Fig. 9C, 1D T2 in Fig. 9D, and 2D T1-T2 in Fig. 8B–8D). 
Three T2 peaks (Fig. 9D) were observed in all shale samples. The peaks with medium and long T2 
(on the order of 1 and 10 ms, respectively) are similar to those observed in brine-saturated quartz 
(Fig. 5B), indicating free water components. The peak with short T2 (~0.1 ms) is comparable to 
that found in clay-brine mixtures (Fig. 5B), arising from clay-associated water. This peak 
assignment is also supported by comparing T1-T2 maps of brine-saturated shale (Fig. 8B–8D) with 
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that of clay and quartz (Fig. 8A). Using 23Na T1-T2 maps, a cutoff in the T2 domain (T2 = 0.4 ms; 
dashed lines) can be identified between bound and free brine. Importantly, these 23Na peaks are 
well separated in both 1D and 2D plots, making the fluid differentiation feasible.  
 
Based on 1D relaxation distributions, a 1H signal increase in the brine-saturated shale can be 
observed along both T1 (Fig. 9A) and T2 (Fig. 9B) dimensions. Particularly in Fig. 9B, the signal 
increase appears in the region with T2 > 0.1 ms. This range of T2 corresponds to the location of 
multiple components like bound oil, movable oil, bound water, and free water, making fluid typing 
via 1D relaxometry alone challenging. The major T2 peak in the native-state shale sample (Fig. 
9B) is at ~50 μs, which corresponds to immobile components (e.g., kerogen and bitumen) and the 
clay-associated water. NMR signals from the solid and viscous hydrocarbon fractions (kerogen 
and bitumen) are largely overlapped with signals from bound water, which causes a lack of contrast 
for separating these hydrocarbon and water components solely based on the 1D T2 method.  
 
Brine porosity results are presented in Table 4. According to mass difference calculations, only 
~0.1–0.5 mg NaCl was introduced into each shale sample following the brine saturation procedure. 
The mass-difference porosity is 1–3 p.u. (MD row in Table 4), implying small 23Na NMR signals 
to be observed in these samples. The MD results in Table 4 reflect the mass readings recorded 
before NMR measurements. The 23Na CPMG acquisitions were used and 23Na-NMR-based 
porosities agree well with the MD results in samples 1 and 2. The porosity estimate for shale 
sample 3 is not listed. After the pressurized saturation procedure, some pieces from sample 3 were 
too small and soft to be transferred into the laboratory balance, so the MD porosity was not 
calculated. The 23Na porosity for sample 3 is 1.8 ± 0.2 p.u., which aligns well with the other two 
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samples.  Determination of 1H-based porosity and salinity is challenged by the presence of strong 
residual 1H signal in the native-state sample as well as the observable water loss through 
evaporation during the early stage of NMR experiments. The 23Na NMR experiments were less 
affected by these factors, especially because there was no background 23Na signal in the native-
state shale. 23Na NMR is herein validated as a promising method for quantitatively analyzing the 
brine content in shale. Further optimization of the current sample preparation protocol, which 
should aim at improving water evaporation control during NMR experiments, may facilitate the 
incorporation of quantitative 1H measurements and thus the determination of component-specific 
salinity in the brine-saturated shale. The applications and advantages of high-field 1H and 23Na 
NMR methods are summarized in Table 5 and compared to low-field measurements.  
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Table 4. Brine porosity estimation in shale using 23Na NMR (mean ± uncertainty)a 
Sample 1 2 
depth (ft) xx87 xx98 
porosity 
(p.u.) 
23Na 2.6 ± 0.2 1.5 ± 0.1 
MDb 2.87 ± 0.04 1.41 ± 0.04 
 
a) The uncertainty for MD results was calculated based on the systematic uncertainty with 
laboratory balance; the uncertainty for NMR results was derived from data fitting. 
 
b) Rows with MD show the porosity calculated based on mass-difference records measured using 
laboratory balance when preparing the samples. 
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Figure 6. 1H T1-T2 maps for clays, quartz, and shale. (A) is the 
1H T1-T2 map for illite (red contour 
lines), smectite (green contour lines), bentonite (blue contour lines), and quartz (black contour 
lines), which were saturated with brine. (B) through (D) are the 1H T1-T2 maps for Eagle Ford shale 
samples 1 through 3, respectively, where (B1), (C1), and (D1) are from native-state samples, and 
(B2), (C2), and (D2) are from brine-saturated samples. A cutoff T1 of 50 ms (dashed line in all 
subplots) is established to differentiate clay-associated and free water components. For brine-
saturated shale samples, (B2), (C2), and (D2), laboratory-introduced brine components are marked 
by two sets of boxes; solid-line boxes show the location of clay-associated water, and dashed-line 
boxes show that of free water. These boxes are drawn according to a qualitative comparison 
between the T1-T2 maps of native samples and those of saturated ones.  
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Figure 7. Illustrative high-field (400 MHz) 1H T1-T2 map for fluid components in Eagle Ford 
shale.  
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Figure 8. 23Na T1-T2 maps for clays, quartz, and shale. (A) is the 
23Na T1-T2 map for illite (red 
contour lines), smectite (green contour lines), bentonite (blue contour lines), and quartz (black 
contour lines), which were saturated with brine. (B) through (D) are the 23Na T1-T2 maps for brine-
saturated Eagle Ford shale samples 1 through 3, respectively. A cutoff T2 of 0.4 ms (dashed line 
in all subplots) is established to differentiate clay-associated and free water components. 
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Figure 9. Example 1D T1 and T2 distribution for shale (Eagle Ford shale sample 1). (A) and (B) 
are 1H T1 and T2 distribution, respectively, in shale. Distribution curves for the brine-saturated 
sample are shown in solid blue lines, and those for the native-state sample are shown in dashed 
blue lines. (C) and (D) are 23Na T1 and T2 distribution, respectively, in the brine-saturated sample. 
The cutoff T1 for 
1H NMR and cutoff T2 for 
23Na NMR are derived from Figs. 6 and 8, respectively.  
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Table 5. Applications of low and high field NMR methods in various types of samples 
 
 Low field (≤ 0.05 T)20, 22 High field (> 0.25 T) 
C
o
n
v
en
ti
o
n
a
l 
ro
ck
s 
1
D
 r
el
a
x
o
m
e
tr
y
 
1H NMR: 
 Pore size distribution 
 Total hydrocarbon and water 
filled porosity 
1H-23Na NMR: 
 Separates hydrocarbon and brine porosities; 
when sodium salinity (concentration) is known 
U
n
co
n
v
en
ti
o
n
a
l 
ro
ck
s 
1
D
 r
el
a
x
o
m
e
tr
y
 1H NMR: 
 Sensitive to part of bitumen 
 Insensitive to kerogen 
 Sensitive to bound water, 
light hydrocarbon and the 
free fluids 
1H NMR: 
 Sensitive to bitumen 
 Sensitive to kerogen 
 Sensitive to bound water, light hydrocarbon 
and the free fluids 
 
23Na NMR: 
 Separates clay-associated and free brine 
2
D
 T
1
-T
2
 
1H NMR: 
 Identifies bitumen 
 Separates oils in organic and 
inorganic porosities 
 No contrast for free fluids 
1H NMR: 
 Separates clay-associated water from 
hydrocarbons  
 Low contrast for free fluids 
 
23Na NMR: 
 Separates clay-associated and free brine 
 
1H-23Na NMR: 
 Quantifies clay-associated brine, free brine, 
solid and viscous hydrocarbons (kerogen and 
bitumen), and free hydrocarbons; when 
sodium salinity (concentration) is known 
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5. CONCLUSIONS 
In this study, 23Na-1H-combined, high-field 2D NMR relaxometry is demonstrated to be a 
quantitative method for separately characterizing the brine and hydrocarbon contents in various 
porous materials, from porous glass, to conventional rocks, clays, and shale. We show that NMR 
T1-T2 relaxometry at high Larmor frequencies can separate the immobile hydrocarbons such as 
kerogen and bitumen from the bound water, unlike in the case of low Larmor frequency 
measurements. We also show that 23Na NMR is capable of quantifying small amount (a few mg) 
of NaCl in brine and therefore can measure the brine-filled porosity when the NaCl salinity is 
known. The application of 23Na-1H-combined NMR can therefore provide superior fluid typing 
and salinity information in unconventional shale, which is presently a great challenge in formation 
evaluation. The laboratory characterizations provide the basis for in situ 23Na and 1H NMR 
downhole logging measurements, wherein brine salinity, hydrocarbon content and total water-
filled porosity can be determined, potentially playing a critical role for NMR logging in shale. 
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